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Abstract: Starting from the fact that one of the global control strategies of the Permanent Magnet
Synchronous Motor (PMSM), namely the Direct Torque Control (DTC) type control strategy, is
characterised by the fact that the inner flux and torque control loop usually uses hysteresis ON-OFF
type controllers and the oscillations introduced by them have to be cancelled out by the outer speed
loop controller (which is usually a PI speed controller and whose performance is good around the
global operating points and for relatively small variations of the external parameters and
disturbances caused in particular by the load torque variation), while retaining the advantages of
the DTC strategy, this paper presents the improvement of the performance of the PMSM sensorless
control system using Proportional Integrator (PI), PI Equilibrium Optimizer Algorithm (EOA),
Fractional Order (FO) PI, Tilt Integral Derivative (TID) and FO Lead-Lag for constant flux, and
Sliding Mode Control (SMC) and FOSMC for variable flux. The performance indicators of the
control system are the usual ones: response time, settling time, overshoot, steady-state error and
speed ripple, plus another one given by the fractal dimension (FD) of the PMSM rotor speed signal,
and the hypothesis that the FD of the controlled signal is higher when the control system provides
better performance is verified. The paper also presents the basic equations of the PMSM, based on
which the synthesis of integer and fractional controllers, the synthesis of an observer for estimating
the PMSM rotor speed, electromagnetic torque and stator flux are presented. The comparison of the
performance of the proposed control systems and the demonstration of the parametric robustness
are performed by numerical simulations in Matlab/Simulink using Simscape Electrical and
Fractional Order Modelling and Control (FOMCON). Real-time control based on an embedded
system using a TMS320F28379D controller demonstrates the good performance of the PMSM
sensorless control system based on the DTC strategy in a complete hardware-in-the-loop (HIL)
implementation.

Keywords: direct torque control; fractional order calculus; sliding mode control; equilibrium
optimizer

1. Introduction

Major applications of PMSM include: industrial applications, aerospace applications, electric
drives and electric vehicles, computer peripherals and robotics. The growing interest in the
widespread use of PMSMs in a very wide variety of applications can be explained both by the fact

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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that PMSMs have a number of advantageous design features, and by the fact that PMSM control
systems can be characterised by a wide range of control algorithms with increased flexibility and
performance, ranging from their mathematical description to their implementation in embedded
systems [1-5].

In terms of overall PMSM control strategies, two strategies can be distinguished, namely the
Field Oriented Control (FOC) [6,7] type strategy and the DTC [8,9] type strategy. The FOC type
strategy in the classical description contains two tandem control loops, the outer loop for speed and
the inner loop for current, and the controllers are of the classical PI controller type. When using the
DTC strategy, there are two tandem control loops, the outer one for speed control and the inner one
for torque and flow control. As far as the controllers are concerned, in the classical description the
speed controller is of the PI type, while the flux and torque controllers are of the hysteresis ON-OFF
type. At first sight, the advantages and disadvantages of using the FOC-type strategy vs. the DTC
strategy in terms of control algorithm complexity vs. control algorithm computation times are clearly
antagonistic. Obviously, the use of hysteresis ON-OFF controllers, which require very short
computing times, will inherently introduce small oscillations that must be cancelled out by the outer
speed loop controller. Typically, the classical PI-type controller for the outer speed control loop can
be an acceptable compromise between the required computation time when implemented in an
embedded system and the overall performance of the control system, represented by: response time,
settling time, overshoot, steady-state error and speed ripple.

In order to improve this global performance of PMSM control systems, given that PI type
controllers provide good performance around global operating points even for relatively small
variations of external parameters and disturbances caused in particular by load torque variations, a
number of more complex controllers of the following types can be used: adaptive [10], predictive [11],
robust [12], fuzzy [13] and neural [14]. Although the performance of these controllers is superior to
that of classical PI-type controllers, care must be taken when implementing them in real-time in terms
of the trade-off between the computing power of the embedded system and the overall cost of
implementation.

A special type of controller can be obtained by using fractional elements. Thus, a number of
advanced integer-order controllers can be described by fractional means, with the following control
system performance improvements [15-20].

A convergent approach to that represented by the control system synthesis is the use of velocity
observers to estimate the PMSM rotor speed and possibly other control system characteristic
parameters, in the case of the DTC strategy, torque and flux. The use of these observers ensures the
sensorless nature of the control system and also contributes to the overall reliability of the PMSM
control system through the use of sensors, particularly those using mechanical elements in motion
[21-24].

In addition to the performance indicators described above, an additional one can be introduced,
namely the FD of the controlled signal, in this case the FD of the PMSM rotor speed signal. In the
papers [25,26], a hypothesis verified by numerical simulations is introduced, namely that more
efficient control systems are also characterised by a higher value of the FD [27,28] of the controlled
signal.

Taking into account these elements, the paper starts from the PMSM control based on the DTC
strategy and presents the improvement of the control system performance in the case of constant
reference flux by using PI type fractional controllers, the optimisation of the controller parameters
using a computational intelligence algorithm, namely the EOA type algorithm [29,30,31], the
synthesis of a speed, torque and flux observer, and in terms of the performance of the control system,
the comparison between these control systems uses both the usual performance indicators and the
FD of the PMSM speed signal. In the case of a variable reference flux, the speed controller provides
the reference for the torque controller, while an SMC controller [32,33] is used to provide the flux
reference in both the integer-order and fractional-order FOSMC variants [34,35,36].

The main contributions of this article are as follows:

e  Presentation of the PMSM control system based on the DTC strategy;
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e  Synthesis and implementation of a PMSM control system based on a constant flux DTC strategy
and optimisation of PI speed controller parameters using an EOA type algorithm;

e  Synthesis and implementation of an observer for estimating PMSM rotor speed, electromagnetic
torque and stator flux;

e  Synthesis and implementation of a PMSM sensorless control system based on DTC type constant
flux strategy using FOMCON toolbox in Matlab for synthesis and implementation of the speed
controller in fractional form: FOPI, TID and FO-Lead-Lag;

e  Synthesis and implementation of a PMSM sensorless control system based on DTC strategy with
variable flux by synthesis and implementation of SMC and FOSMC type controllers to provide
stator flux reference;

e  Calculation of PMSM speed signal FD for high-end controllers: PI, PI-EOA, FOPI, TID and FO-
Lead-Lag for constant flux and SMC and FOSMC for variable flux;

e  Comparison of PMSM sensorless control systems based on DTC strategy using high-end
controllers: PI, PI-EOA, FOPI, TID and FO-Lead-Lag for constant flux and SMC and FOSMC for
variable flux;

e  Demonstration of the parametric robustness of the sensorless control system based on the DTC
strategy by maintaining the control performance even in the case of a 50% increase in the |
parameter, which represents the combined inertia of the PMSM rotor and load;

e  Real-time HIL implementation in an embedded system of the proposed PMSM sensorless
control system based on a DTC strategy in case of constant flux and variable flux using FOPI,
SMC, and FOSMC type controller.

The rest of the paper is presented and structured as follows: Section 2 presents the proposed
PMSM sensorless control system using the DTC strategy, while the Matlab/Simulink implementation
and numerical simulations for the proposed PMSM sensorless control system using the DTC strategy
are presented in Section 3. The real-time implementation and experimental setup are presented in
Section 4, and some conclusions and suggestions for future research are presented in the final section.

2. Proposed PMSM Sensorless Control System Using DTC Strategy

The DTC-type control strategy together with the FOC-type control strategy are the most
commonly used PMSM control strategies. Each of these control strategies has a number of advantages
and disadvantages when compared directly with each other. Therefore, this section presents the DTC
strategy based on the PMSM operating equations in the d—q rotating reference frame coordinate
system, and Figure 1 shows the block diagram of the DTC strategy. The operating equations are given

in relations (1)~(4) [8,9,24].
A o
B F P LS iy L B
=2y (L~ L i+ 1,) ®

Jo=T,-T, -Bw 4)

In the above relations, the usual notations are used for the inductance L, the stator resistance Rs,
the stator flux ¢, the currents i and the voltages u in the coordinate system of the d-q rotating reference
frame, plus the mechanical angular speed of the PMSM rotor denoted by w, the flux linkage denoted
by Ao, the viscous friction coefficient denoted by B, the rotor inertia combined with the load inertia
denoted by J. T. is the electromagnetic torque, Tt is the load torque and the number of PMSM pole
pairs is given by np.
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Figure 1. Block diagram of the PMSM sensorless control system based on DTC strategy using PI speed
controller.

Figure 1 shows that a two-stage control system is implemented, where the outer stage
implements speed control and the inner stage implements torque and flux control via two control
loops based on hysteresis ON-OFF controllers. In the case of sensorless control, it is also necessary to
synthesise an observer that provides the estimated value of the stator flux, the estimated value of the
PMSM rotor speed and the load torque. The main characteristic of this DTC strategy is the use of fast
response controllers with reduced design simplicity for the inner loops, while classical PI type
controllers generally ensure good performance for the outer loop, maintaining a reduced complexity
of real-time implementation.

Based on these aspects, this section presents implementations of control structures that provide
improved performance without significantly burdening the hardware/software structure for real-
time implementation. Therefore, these types of controllers for outer loop control are presented when
the reference stator flux is constant. If the reference stator flux is variable, a separate section presents
the implementation of SMC and FOSMC type control structures. The implementation of a flow, speed
and torque load observer is also presented in a separate section. In order to compare the performance
of the control systems presented, in addition to the classic comparison elements such as response
time, settling time and PMSM speed signal ripple, the fractal dimensions (FD) of the control signals,
in this case the PMSM speed signal, are also compared.

2.1. PMSM Sensorless Control Based on DTC Strategy Using Constant Flux

In this section, as shown in Figure 2, the classic PI speed controller is replaced by optimally tuned
PI controllers using an EOA algorithm and FO controllers: FOPI, TID and FO-Lead-Lag speed
controllers respectively. In all these cases the stator reference flux is constant. Throughout this article,
the representations of the PMSM operating equations, both in the d—q rotating reference frame
coordinate system and in the a—f stationary reference frame coordinate system, prove useful.
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Figure 2. Block diagram of the PMSM sensorless control system based on DTC strategy using PI-EOA,
FOPI, TID, and FO-Lead-Lag speed controllers in case of constant flux.

In this sense, relation (5) presents a coordinate transformation between the d—q rotating reference
frame and the a—f stationary reference frame for the quantities describing the PMSM operating

equations [34].

fg| | coso, sing, | f,

f,| [-sing, cosé,| f, ®)
where: fo and fs are the variables in the a—f stationary reference frame, fi and f; are the variables in
the d—q rotor reference frame.

In relation (5) in the coupling matrix, the electrical angle O is used, whose relation to the
mechanical angle 6, which represents the position of the PMSM rotor, is: 6,=n,0.

Using relation (5), the following relations, which describe the operation of the PMSM, can be
written in the a—f stationary reference frame coordinate system:

u, | | R+pLy a)e(Ld—Lq) i, (L L . dig i —siné,
u, | [~a (L -L,) R+pL, i, T TR e T g )T | coso, ©)

The back-EMF voltages e. and e; are defined as follows:

S |2 (L -L,) @i _dig +wy —sin&, 7
e, ¢ dt "] cosé, )

The time variation of the currents i« and is can be obtained from relation (6) in the following

form:
di, R _al-L)] L 0
dt | Ly Ly I, L, €, . 1|Uu,
i " T e 8
di, | 7| oL, - L) R i ] | o Llles] Lilu, ®)
dt L, L, d
Similarly, the time variation of the stator flux in the a—f stationary reference frame can be written
as follows:
Wy, -R;,
)
dy, .
——=U,—Ri,

dt
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The expression of the electromagnetic torque T. in the stationary reference frame a—f is given by
the relation (10).

3n . .
T =2y v (10)
In an obvious way, relation (11) shows the relationship between the stator flux and its projections
in the a—p stationary reference frame and in the d—g rotating reference frame:

wi=ylryl =yl +yl (11)

2.1.1. Equilibrium Optimizer Algorithm

For PI-type controller tuning, in addition to heuristic or classical Ziegler-Nichols tuning [37],
superior control system results can be achieved by using computational intelligence algorithms, of
which the EOA algorithm is presented below.

Equation (12) shows the operating equation of a PID controller, where the output is u(t) and the
input is the error e(t). The tuning parameters of the PID controller are Kj, Ki, and Ka. When using a PI
controller, Ki=0.

de(t)

t
u(t) = K,e®) +K, ! e(t)dt+K, == (12)

For the PI speed control presented in this section, the tuning parameters are Ky and Ki. They are
tuned using an EOA algorithm.

In summary, the operation of an EOA-type algorithm can be described by analogy with the
differential equation describing the variation of the concentration C in a volume V, which is equal to
the amount of mass entering the system minus the amount of mass leaving the system plus the
amount of mass generated within the volume. The following equation can be written (13) [29]:

v‘:j—?:chq—QC+G (13)

dC

where: the rate of change of the mass in the control volume is denoted by v ==, the volumetric flow

rate into and out of the control volume by Q, the concentration at equilibrium, where there is no
generation inside the control volume, by Ce.

Given 4 = Q equation (13) becomes:
\%

dc

9

AC,,—AC+2 (14)
Y;

The integration of equation (14) gives:

15
Co /’iCeq —AC+— to ( )
Equation (15) gives:

G
C=iC,,+(C,—C,, JF+——(1-F) (16)

NV

where:

F=ep(-At-t)) 17)

where; 0<A <1

d0i:10.20944/preprints202405.1875.v1
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From relation (16) it can be seen that the concentration expression C, which can be considered
as the position of a particle in the PSO-type algorithm [35], consists of three terms. The first term is
given by the equilibrium concentration Ce, the second term is given by the current and equilibrium
concentration values and the third term is given by the generation rate. In analogy to the PSO-type
algorithm, the second term can be used for the direct search part of the algorithm, while the third
term can be used for the exploration part of the algorithm. By analogy with the PSO-type algorithm,
a population is initialised as in the relation (18).

Ciinitial — Cmin + randi (Cmax _Cmin ), | = :LZ, ..oN (18)

where: C™ represents the initial concentration vector of the i-th particle, Cwin and Crax represents

the minimum and maximum values for the dimensions, randi is a random vector in the interval of
[0,1], and 7 is the number of particles as the population.

Particles are evaluated to obtain a fitness function that determines equilibrium candidates. The
equilibrium candidates are given by the equation (19).

Ceq. pool = {Ceq(l) ' Ceq(2) ’ Ceq(S) ’ Ceq(4) ’ Ceq(average) } (19)

The average index of C indicates a particle average value formed, while the pool index of

eq(average)

C

eq.pool FEPTESENtS the current selection index.

Equation (17) is modified to equation (20).
F =a,sign(r — 0.5)(e‘zt —1) (20)

where: a1 is a constant value that controls exploration ability. The term sign(r —0.5) provides

directions for exploitation and exploration.
The generation rate G is given by the relation (21) [29].

G =G,e ) (21)
where: Go represents the initial value and k indicates a decay constant. For k = A the final set for G is:
G_Ge o _G F @2)
where:
G, = GCP(éeq - AC ) (23)
05 r,>=GP
GCP = (24)
0 rL<GP

where: 71 and 72 represents random numbers in [0,1] and GCP is set to 0.5.
The final tuning equation of the EOA type algorithm is given by the relation (25).

C=Crl6-C)F+2 fF) )

In the application presented in this paper, the global optimization criterion used for the EOA
type algorithm is an Integral Absolute Error (IAE) criterion:

J= i|e(t)|dt 26)

where: e(t) = @, (t) — @(t) , namely the difference between the reference speed and the

instantaneous speed of the PMSM rotor.
As a result of implementing this algorithm, the optimal values for tuning the PI controller are
obtained. This results in the proposed PI-EOA-type controller shown in Figure 2.
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2.1.2. Elements and Notions of Fractional Calculus

For the implementation of the FO-type controllers proposed in Figure 2 (FOPI, TID and FO-
Lead-Lag speed controllers), some notions of fractional integration and differentiation are briefly
presented. Thus, the non-integer order operator for integration and differentiation is denoted by

aD/", where a is the fractional order, and the limits of the interval to which the operator is applied

are denoted by a and t. The operator aD;” is shown in relation (27) [15,16,35]:

d a
Re >0
e ()
aD’ = 1 Re(a)=0 (27)

[(@) Re(a)<0

The Riemann-Liouville definition of the operator aDy" is given by the following relation:

aDy f (t) = 1[0') ) I% f()i)mdr (28)

r(m-ea)\ dt
where: m—1<a<m,meN; I'(-) -Euler'sgamma function.

The Griinwald-Letnikov definition of the operator aD;"is useful in practical applications of
numerical representation:

t-a

aD“f(t)—Ilm—{i}( 1) (‘}‘]f(t—jh) 29)

h—0 h

where: operator [-] provides the integer part.

Please note that the application of these definitions to the system presented in this article is under
initial null conditions [16,17]. Similar to the case of integer order of the operator defined in relation
(27), the transfer function for signals with fractional derivative can be defined by applying the Laplace
transform. If the orders of the fractional operator s are integer multiples with respect to the

proportional order g (q € R",0 < q <1, ¢, =KQ), the transfer function H(A) is obtained, expressed
by the following relation:

s TM3
cr

H(2)= (30)

=
I
o

_ad
where: 4=5" .
Based on this, the description of a system in the fractional case can be similar to the transfer
function described in relation (30), and a description in the states space as in relation (31).

Dx(t) = Ax(t)+ Bu(t)
(1)
y(t) = Cx(t)+ Dul(t)
The stability of system (31) can be verified by the equation:
larg(eig(A)) > q— (32)

where: 0< Q<1 is the proportional order and eig(A) is the eigenvalue of the associated matrix A.
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In terms of numerical implementation by simulation or in real-time, the problem is to
approximate fractional FO transfer functions in a given frequency range (a)b,a)h) and order N with

an integer-order transfer function to obtain an integer-order difference equation that can be directly
implemented in a simulation program or an embedded system. This allows Oustaloup recursive

filters to be used withS”; 0 < y < 1 [15,16,35]. The form of the integer transfer function used to

obtain this approximation is given by the following relation:

NS+,
G.(s)=K
(s) kHNsmk (33)

where: the values of a)k , @y and K are expressed by equations (34).

k+N+E(1—y) k+N+1(l+y)

: ) 2N+1 2N+1 34
a&=%(—“) :wk=a>b(ﬂJ k=af 49
W, @,

Another variant of the Oustaloup filter that gives a more accurate conversion is given by relation
(35), where the usual values are b =10 and d = 9.

5 ~(da)h T ds’ +ba,s G 35)
b d(l-a)s’ +ba,s+da ) °
where:
N . a+2k -2k
S+, . ba)hjZNJrl_ . [dwbijJrl
G =K Cw, = —1 T, = —2 (36)
g kl__[NS+a)k “ (d ““ b

2.1.3. Fractional Order Speed Controllers for the PMSM Control Using DTC Strategy

Starting from equation (12), after applying the Laplace transform in the complex domain s, we
get:

U(s)=K,E(s)+ Ki%E(s)JrdeE(s) (37)

Starting from relation (37), which represents the output of the controller in the complex domain
s in the integer case, FO-type controllers can be further described in the fractional case using the
notions of fractional computation described above.
e  FO-PI Speed Controller for Sensorless PMSM Control System Using DTC Strategy

The most commonly used FO controllers are of the PI'D+ type. The description relation in the
time domain is given by (38).

u(t) = K e(t) + K;De(t) + K, D“e(t) (38)

where: e(t) — signal error.
Applying the Laplace transform to (38) with zero initial conditions gives the following equation,
which represents the FO-PI speed controller for the DTC-type sensorless PMSM control system:

K.
Gc(5)=Kp+S7'+ K,s* (39)
where: K, — the proportional factor; Ki — the integral factor; A — the integrator order (positive); Kz — the

differential factor; u — the differentiator order. For A = u = 1, the result is an integer order PID
controller.
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e  TID Speed Controller for Sensorless PMSM Control System Using DTC Strategy
Another fractional controller similar to the PI'"Dr controller is the TID controller, which can be
described by the following transfer function for PMSM sensorless control system using DTC:

G.(s) = K, +%+ K,s (40)

S1/ n

unde: K: —tilt gain; n — order of integration of the tilt term; Ki - gain of the integrator term; K« - gain of

the derivator term.

e  FO-FO-Lead-Lag Speed Controller for Sensorless PMSM Control System Using DTC Strategy
The general form of the transfer function of a FO-FO-Lead-Lag controller is given by the relation

(1):
s+ 1)
G,(s)=K,| —2 | =K. x ASHLY ox<1 (41)
XAS+1
S+——
XA

where: A — the fractional order of the FO-FO-Lead-Lag controller.
Note that for a > 0, the FO-FO-Lead-Lag controller has a lead effect, while for a <0, the FO-FO-
Lead-Lag controller has a lag effect.

In relation (41), for k = K X%, it is obtained the usual form of the FO-FO-Lead-Lag speed

controller:

(42)

G.(5) = k.( As+1 j"

XAs+1
Also,if K =a=1, A= K, / K, and x has a very large value (e.g. x > 10000), the FO-FO-Lead-

Lag controller transfer function becomes the FO-PI controller transfer function.

This allows greater flexibility in using the FO-FO-Lead-Lag type controller in a control loop and
the possibility of obtaining higher performance from the sensorless PMSM control system using DTC
strategy.

2.1.4. Observer for the Speed, Electromagnetic Torque, and Flux Estimations

The sensorless nature of the PMSM control system based on the DTC strategy is given by the
fact that an observer is used to estimate rotor speed, electromagnetic torque and flux. Starting from

equation (9), the expressions for the stator flux = [wa 74 ﬂ]T in the a—f stationary reference frame

are given in relations (43) and (44).

v, = j(ua —R.i,, )dt
X (43)
Yp= I(u/i‘ R, Jdt
0
Vs =\Vo v,
v (44)

Ly, =arctg

A

a

An observer based on equations (45) is used to estimate the stator flux in the a—f stationary
reference frame [23,24].
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W, =R, +U, +ki, +Kygosigmoid (i, )
. _ : 7 (45)
W, =—Riy+U, +K,i, + K,gosigmoid (iy)

~

where: i/ . and ¥ 5 — estimated stator flux variables in the a—f stationary reference frame; I,

and | ; — stator current errors in the a—{ stationary reference frame if given in relation (46); ki, k2

Kismo, and Kzsmo - projected factors (observer gains).

i

= . (46)
I

Equations (47) are used to estimate the fa and fﬁ stator currents in the a-f stationary

P=T o)+ %(COSHJ @7)

—sind

reference frame [23,24].

where: | = [fa fﬂ]T ;W= [l/}a l/7ﬂ]T ; L= |:|6d |:i| ; and the transformation matrix T(é) is

given by the following relation:

AN\ [cos® —sinéd
T( ): - A (48)
sing cosé

Equation (47), explained for the components a and f, can be written as:

o

i = ig&a + ﬁcos(é)

L, L,
49
1 /10 - )
—y, ——sin(0)
L L
The PMSM rotor position is estimated using the following relation [23,24]:
6 =tan™ (50)
where:
iaa = !/;a - I‘d ia
Q)

Aug =V = Ll
In relation (45), which describes a sliding mode observer (SMO), the sign function is replaced by

the sigmoid function to achieve a smooth transition between +1 and 1.
The definition of the sigmoid function is given by the relation (52).

2
H(X) :W—l (52)

where: 2 =4 and b = 0 are positive constants.
The graphical representation of the sigmoid function is shown in Figure 3.
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—Sigmoid function
L1\~ -Sign function

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Figure 3. Graphical representation of the sigmoid function H(x).

The convergence of the observer is demonstrated by choosing a Lyapunov function of the
following form:
1w, 4 ~
Vv =§(y/TT LTy)>0 (53)
in which 1/7 =y — |/ . After a few calculations, we obtain V <0, which demonstrates global

asymptotic stability [23,24].
To estimate the electromagnetic torque, the following relation is used according to [23,24]:

T, =gnp(l/7aia —,) (54)

Similarly, by deriving equation (50), the PMSM rotor speed estimate is obtained as follows:

Ao (k=D (k)= A (k 1), (K)

T2 00+ 2,1) )

(k) =

where: Ts — the sampling period, k — the current sampling step.

2.2. PMSM Sensorless Control Based on DTC Strategy Using Variable Flux

If the reference stator flux is not constant, the DTC control strategy is modified to use more
complex controllers to obtain irs. Therefore, Figure 4 shows the block diagram of the PMSM
sensorless control system based on the DTC strategy using SMC and FOSMC variable flux controllers.

Torque ON-OFF
controller with
hysteresis
T, eref L

w
_mf ¢ PI speed | A
= Controller 2 = SWITCHING
u

B

A A T TABLE « |INVERTER
[4 Ll
Flux ON-OFF Lp> - RN
""""""""""""""""""" controller with —p 4 —

PROPOSED hysteresis . |_|

» CONTROLLERS v
e sref, r ;
i SMC ul — |y
........................ ~ |4

——/N\pi | FOSMC Vs <
T Speed, Flux, Torque [
o Observer  [@
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Figure 4. Block diagram of the PMSM sensorless control system based on DTC strategy using SMC
and FOSMC type controllers in case of variable flux.

2.2.1. SMC-type Controller for the PMSM Sensorless Control Based on DTC Strategy Using Variable
Flux

Rewriting equations (1)-(4) in the following form [35]:

-— no 0 Yo
Iy . A i L
n _ u

|(.4 =|-n,@ - —”T iy |+ Tq (56)
“) e Ko BRI T
J J J

to synthesise an SMC-type controller to control a PMSM, the state variables x1 and x2 are selected
and described by the following relations:

X, =Wt —@ (57)
unde: x1 — speed tracking error.
. Wpet — O .
X, =X=—"=-0 (58)
2 =% at

The sliding surface S of the zero error variation is defined in equation (59), and by deriving this
equation we obtain equation (60).

S=cx +X, (59)
S =X, + %, =Cx, — Di, (60)

n,4
where: the parameter c is positive and adjustable, and D =—"—" is obtained from the equations

H-G).
Equation (61) shows the condition of the time evolution of the surface S; this condition ensures
the control of the response time of the PMSM sensorless control based on the DTC strategy.

S=-&sgn(S)-¢gS, &,q>0 (61)

where: the parameters ¢ and g are positive and the signum function is denoted by sgn().

The above sgn function is replaced by the sigmoid function defined in relation (52), and this is
used in the synthesis of the SMC-type controller in order to reduce the chattering phenomenon
characteristic of the structure of this type of controller.

From the above relations, according to the SMC specific methods, we obtain:

, 1
s (1) = 5o [0%, + 2H (8) + aS (62)

From equations (9), (10) and (11) the following custom equations can be obtained for the
reference values of the electromagnetic torque, the reference current iyer and the reference value of
the stator flux in the usual case where Li = L;:

T

i _ eref (63)
qref —
1.5n,4,
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2

W = Ao+ —LqTerEf (64)
ref —
1.5n,4,

The stability of the PMSM control system based on the DTC strategy using the control law given
by equation (62) is demonstrated by selecting a Lyapunov function of the following form:

Y, :%S2 (65)

The following relation is obtained by calculating the derivative V:
V =SS =S[-&H(S)-qS]=—&H (S) - gS° (66)
The stability of the system is given by the negativity of the derivative V.
2.2.2. FOSMC-type Controller for PMSM Sensorless Control Based on DTC Strategy Using Variable

Flux

To improve the performance of PMSM sensorless control system based on DTC strategy, the
synthesis of a FOSMC type controller is proposed to obtain i and then flux ¢rs based on relations
(63) and (64).

For this purpose, the sliding surface S is selected as follows:

S =k x +kyD*x =K X% +k, D", (67)
Calculating the derivative of the surface S, we obtain:
S =k, % +k,D“x =K X, +k, D" %, (68)
Based on the descriptive equations of the PMSM mathematical model, the following relation can
be written:
, .. NA. 1. B.
X, = @ —1.5 ’f" I, + FTL +30 (69)

Substituting equation (69) into equation (68) gives:

n4. 1. B.
——=i, +3TL +—a)j (70)

S =K, X, +k, D“(a')ref -1.5 ;

According to the SMC methods for S =0, we obtain the following relation:
- B
—aH(S)—qS—kpxzzde"l( 15 pf“l +JT +ij (68)

Applying the operator D" to relation (68) to both members, we obtain the following relation:

D" (= sH(S) - S —k, %, )= k("ref ~15 'j]/l‘)l +JT +JBa>J 69)

After processing relation (69), we obtain:

iDl‘( eH(S)—-qS — kx) +—15 ‘j]ﬂol +JT +?a) (70)

d

By rewriting relation (70), we obtain:
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nA . . 1. B. 1 _,
L5220, =y + T, + 56— D “—eH(S)-as—k,%,) o)
d
The current reference i is obtained from equation (71) as follows:
. 1 N 1. B. 1
L ()=—7—F- =T, +—wo——D*—eH(S)-9gS —k_x, | dt
qref() 15np2'0 Jo.{a)ref_'_\] L+Ja) kd ( & ( ) q p 2):| (72)

J
Then, as in the case of the integer-order SMC-type controller, the reference value of the flux -y
is obtained by using equations (63) and (64).
3. Matlab/Simulink Implementation and Numerical Simulations for the Proposed PMSM
Sensorless Control System Using DTC Strategy

In this section, for the values of a PMSM given in Table 1, numerical simulations are performed
for the corresponding PMSM control systems according to the cases of DTC strategy controllers
presented in Section 2.

Table 1. PMSM nominal parameters from the sensorless control system based on DTC strategy.

Parameter Value Unit
Stator resistance —Rs 2.875 Q
Inductances on the d-q rotating reference frame—Ls and L, 0.0085 H
Combined inertia of rotor and load —] 0.0008 kg-m?
Combined viscous friction of rotor and load —B 0.005 N-m-s/rad
Flux induced by the permanent magnets of the rotor in the stator phases— Ao 0.175 Wb
PMSM pole pairs number—nr 4 -

3.1. Numerical Simulation for the PMSM Sensorless Control System Based on DTC Strategy Using
Constant Flux

The Matlab/Simulink implementation of the PMSM sensorless control based on the constant flux
DTC strategy is shown in Figure 5. Therefore, Figure 5 (a) shows the main Simulink model of the
sensorless PMSM control based on the DTC strategy, where the speed controllers are: PI, PI-EOA,
FOPI, TID and FO-Lead-Lag. The transfer functions obtained for the control of the PMSM, whose
parameters are given in Table 1, are presented below. Figure 5 (b) also shows the detail of the
Simulink subsystem implementation of the observer for the speed, torque and flux estimation.

For the PI speed controller described in equation (12), in the case of the sensorless PMSM control
system based on the constant flux DTC strategy, the tuning parameters obtained by empirical
methods are K, = 0.05 and Ki = 0.91. Using an EOA-type algorithm, the tuning parameters obtained
are Ky =0.03 and Ki=0.66.

The FOMCON toolbox in Matlab allows the tuning of an FOPI type controller described by
equation (39), in the case of PMSM sensorless control based on a constant flux DTC strategy. The
values obtained are: Ky = 6.2; Ki=24; A =1,1; Ka= 1 =0, and the FOPI speed controller transfer function
becomes:

6.2s" + 24
H FOPI (S) = Sl'l (73)

For the closed-loop study of the system consisting of the FOPI controller given in relation (73)
and the fixed part given by the PMSM using the FOMCON toolbox in Matlab, the following
fractional-order transfer function is obtained:
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Figure 5. Matlab/Simulink implementation of the PMSM sensorless control system based on DTC
strategy using constant flux: (a) Main Simulink model of PMSM sensorless control based on DTC
strategy using PI, PI-EOA, FOPI, TID, and FO-Lead-Lag speed controllers; (b) Simulink subsystem
implementation of the observer for speed, torque, and flux estimations.

The stability of the closed-loop system of the PMSM sensorless control system based on the
constant flux DTC strategy and PI speed controller is given by satisfying the condition given by
relation (32) and is shown graphically in Figure 6 using the FOMCON toolbox. The analysis of Figure
6 shows that the system is stable. Figure 7 shows the step signal response of the closed loop system
when using the FOPI speed controller.

2 T T x T * T

1.5+ - -

2
n
%

Imaginary axis

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Real axis

Figure 6. Graphical representation of the closed-loop stability test for the PMSM sensorless control
system based on the DTC strategy using the FOPI speed controller at constant flux.
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Time [s]
Figure 7. Closed-loop step response for PMSM sensorless control system based on DTC strategy using
FOPI speed controller at constant flux.

Figure 8 shows the Bode diagram plot of magnitude/frequency and phase/frequency of the
closed loop system consisting of the FOPI controller given by relation (73) in the case of PMSM
sensorless control system based on DTC strategy using FOPI speed controller at constant flux.


https://doi.org/10.20944/preprints202405.1875.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2024 d0i:10.20944/preprints202405.1875.v1

18
Bode Diagram
0+ .
ﬂ_ ——— et e—— ,/‘ -
o .
QR
Za0- .
2
230 2
e
F40- -
z
S0 -
60 B
a0 i
£ e e e el Py
0 i T i T T —TTTTTTR
90 i1
&
)
2
v -180 — —
]
a
=
[
M- _—
30— il (= AR MY R T I R A ol T R Y1 Lol i R R | Lo
-4 -3 -2 -1 0 1 2 3 4
10 10 10 10 aild i 10 10 10 10

Figure 8. Bode diagram graphical representation of closed loop system of the PMSM sensorless
control system based on DTC strategy using FOPI speed controller in case of the constant flux.

For real-time implementation in an embedded system, it is necessary to obtain the equivalent
transfer function of integer order of the transfer function of the FOPI type speed controller given in
equation (73) in the fractional form. The equivalent transfer function in the discrete variable z of
integer order can be implemented as a recursive equation. The Oustaloup filter is used to
approximate the fractional order transfer function with a continuous integer order transfer function.
This is done using the FOMCON toolbox for Matlab in the frequency range w = [102; 10%] rad/s, which
contains the common frequencies for the presented application. Figure 9 (a) shows the equivalent
transfer function obtained in the s-domain. The equivalent transfer function in the z-domain is
obtained using the Tustin substitution. The form of the discrete transfer function obtained is shown
in Figure 9 (b).

6.2 (s+1111) (s+1235) (s+781.4) (s+739.6) (s+451.6) (s+427.4) (s+261) (s+247) (s+150.9) (s+142.7) (s+87.19)
(s+82.4) (s+50.39) (s+47.55) (s+29.13) (s+27.4) (s+16.83) (s+15.74) (s+9.73) (s+8.955) (s+5.623) (s+4.828) (s+3.25)
(s+1.992) (s+1.878) (s+1.109) (s+1.086) (s+0.6337) (s+0.6275) (s+0.3645) (s+0.3627) (s+0.2102) (s+0.2096)
(s+0.1213) (s+0.1212) (s+0.07007) (s+0.07002) (s+0.04049) (s+0.04047) (s+0.0234) (s+0.02339) (s+0.01352)
(5+0.01352) (s+9¢-05) (s+9¢-05) (s"2 + 6.513s + 11.6)

$72 (s+1235) (s+1111) (s+781.4) (s+739.7) (s+451.6) (s+427.5) (s+261) (s+247.1) (s+150.9) (s+142.8) (s+87.19)
(s+82.54) (s+50.39) (s+47.71) (s+29.13) (s+27.57) (s+16.83) (s+15.94) (s+9.73) (s+9.211) (s+5.623) (s+5.323) (s+3.25)
(5+3.077) (s+1.878) (s+1.778) (s+1.086) (s+1.028) (s-+0.6275) (s+0.594) (s+0.3627) (s+0.3433) (s+0.2096)
(s+0.1984) (s+0.1212) (s+0.1147) (s+0.07002) (s+0.06629) (s+0.04047) (s+0.03831) (s+0.02339) (s+0.02214)
(s+0.01352) (s+0.0128) (s+9¢-05)

(€))
6.2059 (2-0.2858) (2-0.2366) (z-0.4381) (z-0.4601) (z-0.6316) (z-0.6479) (z-0.7691) (2-0.7802) (z-0.8597) (z-0.8668)
(2-0.9165) (2-0.9209) (2-0.9508) (z-0.9536) (z-0.9713) (2-0.973) (2-0.9833) (z-0.9844) (z-0.9903) (2-0.9911)
(2-0.9944) (2-0.9952) (2-0.9968) (z-0.998) (z-0.9981) (-0.9989) (2-0.9989) (z-1)"18 (22 - 1.993z + 0.9935)

(2-0.2366) (2-0.2857) (2-0.4381) (z-0.46) (2-0.6316) (z-0.6478) (z-0.7691) (z-0.7801) (2-0.8597) (z-0.8667) (z-0.9165)
(2-0.9207) (2-0.9508) (2-0.9534) (z-0.9713) (2-0.9728) (2-0.9833) (z-0.9842) (z-0.9903) (2-0.9908) (z-0.9944)
(2-0.9947) (2-0.9968) (2-0.9969) (z-0.9981) (z-0.9982) (2-0.9989) (z-0.999) (z-1)*19


https://doi.org/10.20944/preprints202405.1875.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2024 d0i:10.20944/preprints202405.1875.v1

19

(b)
Figure 9. Transfer functions of the FOPI speed controller for PMSM sensorless control system based

on DTC strategy in case of the constant flux: (a) Continuous transfer function; (b) Discrete transfer
function.

Based on the second fractional order controller of the PMSM sensorless control system based on
the constant flux DTC strategy, i.e. the TID controller described in equation (40), whose tuning
parameters are Kt =0.035, Ki=0.31, n =10 and Ku = 0, the following transfer function is obtained:

0.035s5%° +0.31
H TID (S) = S (75)

Similar to the case of the FOPI speed controller, using the Oustaloup zpk filter, the integer order
results for the TID controller are shown in Figure 10. Therefore, the continuous form is shown in
Figure 10 (a) and the discrete form is shown in Figure 10 (b).

159.86 (s+1114) (s+595) (s+344.3) (s+199.4) (s+115.6) (s+67.28) (s+39.43) (s+23.58) (s+15.06) (s+10.33) (s+6.583)
(s+2.305) (s+1.341) (s+0.7777) (s+0.4504) (s+0.2606) (s+0.1507) (s+0.08714) (s+0.05038) (s+0.02912) (s+0.01683) (s

s (s+1.111e04) (s+973) (s+562.3) (s+325) (s+187.8) (s+108.6) (s+62.75) (s+36.27) (s+20.96) (s+12.12) (s+7.002) (¢
(5+2.339) (s+1.352) (s+0.7814) (s+0.4516) (s+0.261) (s+0.1509) (s+0.08719) (s+0.05039) (s+0.02913) (s+0.01683

(@)
0.013303 (2-0.2846) (z-0.5414) (z-0.7063) (z-0.8187) (z-0.8907) (z-0.9349)
(2-0.9613) (2-0.9767) (z-0.9851) (2-0.9897) (z-0.9934) (z-0.9961) (z-0.9977) (z-1)"10 (z+1)

(2+0.6949) (z-0.7204) (z-0.8283) (z-0.897) (z-0.9392) (2-0.9644) (z-0.9793)
(2-0.988) (2-0.993) (2-0.996) (z-0.9977) (z-0.9986) (z-1)"10 (z-0.5611) (z-0.3455)

(b)
Figure 10. Transfer functions of the TID speed controller for PMSM sensorless control system based

on DTC strategy in case of the constant flux: (a) Continuous transfer function; (b) Discrete transfer
function.

For the FO-Lead-Lag speed controller shown in equations (41) and (42), the following transfer
function is obtained for the tuning parameters k' =300, x =50, A = 1,4 si @ = 0.11:

3.606 -10°
s**+73730 s +4.7-10°
Using the Oustaloup zpk filter, the integer order results for the FO-Lead-Lag type speed

controller are shown in Figure 11. Therefore, the continuous form is shown in Figure 11 (a) and the
discrete form is shown in Figure 11 (b).

H FO-Lead-Lag (S) = (76)

1.8073e08 (s+354.8)"2 (s+35.48)"2 (s+3.548)"2 (s+0.3548)"2 (s+0.03548)"2

(s+7.37¢04) (s+354.8) (s+272.4) (s+35.48) (s+3.603) (s+3.548) (s+0.3552)
(s+0.3548) (s+0.03548) (s+0.03548) (s"2 + 68.99s + 1465)

(@)

1.8073€08 (5+354.8)"2 (s+35.48)"2 (s+3.548)"2 (s+0.3548)"2 (s+0.03548)"2

(s+7.37e04) (s+354.8) (s+272.4) (s+35.48) (s+3.603) (s+3.548) (s+0.3552)
(s+0.3548) (s+0.03548) (s+0.03548) (5”2 + 68.99s + 1465)
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(b)

Figure 11. Transfer functions of the FO-Lead-Lag speed controller for PMSM sensorless control
system based on DTC strategy in case of the constant flux: (a) Continuous transfer function; (b)

Discrete transfer function.

Based on the nominal PMSM parameters in the case of the sensorless control system based on
the DTC strategy using PI, PI-EOA, FOPI, TID, and FO-Lead-Lag speed controllers at constant flux,
the numerical simulations are presented below.

Graphs of the following parameters of interest are presented for each sensorless control system
based on the DTC strategy using speed controllers: Reference speed and estimated PMSM rotor
speed, load and electromagnetic torque, stator currents and fluxes in the a—f stationary reference
frame. The load torque reference T: is of 1INm and the speed reference signal wrrused is expressed as
a sequence of steps: [400 600 900]rpm—[0 0.1 0.2]s. For the speed, electromagnetic torque and flux
estimation observer presented in section 2.1.4, the tuning parameters are: k1 = 150 and k2 = 50, Kismo =
Kasmo=0.1.

Figure 12 shows the parameter evolution of the PMSM sensorless control system using the DTC
strategy with PI speed controller at constant flux. Note that the response time is tr = 12ms and the
settling time is s = 72ms.

The parameter evolution of the PMSM sensorless control system using the DTC strategy when
using the PI-EOA speed controller is shown in Figure 13. In this case, the response time is fr = 9.2ms
and the settling time is ts =30ms. There is a 25% reduction in response time and a reduction in settling
time of around 60%.

Using the FOPI speed controller for the PMSM sensorless control system with DTC strategy at
constant flux, the evolution of the parameters is shown in Figure 14. This gives a response time tr =
7.9ms and a settling time ¢s = 15ms. There is a 34% reduction in response time and a 79% reduction
in settling time.

Using the TID speed controller for the PMSM sensorless control system with DTC strategy at
constant flux, the evolution of the parameters is shown in Figure 15. A response time tr = 5.9ms and
a settling time ts = 14.5ms are obtained. There is a 50% reduction in response time and an 80%
reduction in settling time.

Using the FO-Lead-Lag speed controller for the PMSM sensorless control system with DTC
strategy at constant flux, the evolution of the parameters is shown in Figure 16. This gives a response
time tr = 3.2ms and a settling time ts = 9.1ms. There is a 73% reduction in response time and

approximately 87% reduction in settling time.
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Figure 12. Parameters evolution of the PMSM sensorless control system using DTC strategy using PI

controller in case of constant flux.
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Figure 13. Parameters evolution of the PMSM sensorless control system using DTC-type strategy

using PI-EOA controller in case of constant flux.
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Figure 14. Parameters evolution of the PMSM sensorless control system using DTC strategy using

FOPI controller in case of constant flux.
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Figure 15. Parameters evolution of the PMSM sensorless control system using DTC strategy using

TID controller in case of constant flux.
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Figure 16. Parameters evolution of the PMSM sensorless control system using DTC strategy using
FO-Lead-Lag controller in case of constant flux.

Figure 17 shows the flux space vector trajectory components in the a—f stationary reference
frame for the PMSM sensorless control system based on the DTC strategy using the PI speed
controller at constant flux.

A comparison of the evolution of the PMSM rotor speed for the sensorless control system based
on the DTC strategy using PI, PI-EOA, FOPI, TID and FO-Lead-Lag speed controllers at constant flux
is shown in Figure 18. It can be seen that the use of FO type controllers improves the performance of
the control system, so the best performance in the comparison presented is obtained by FO-Lead-Lag
speed controllers, followed by TID and FOPI speed controllers.


https://doi.org/10.20944/preprints202405.1875.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2024

23

0.3

0.2

0.1

Stator flux beta axis [Wb]
[(—]

-0.5 0 0.5
Stator flux alfa axis [Wb]

Figure 17. Flux space vector trajectory for the PMSM sensorless control system based on DTC strategy
using PI speed controller in case of constant flux.
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Figure 18. Speed comparison evolution of the PMSM sensorless control system using DTC strategy
using PI, PI-EOA, FOP], TID, and FO-Lead-Lag controllers in case of constant flux.

3.2. Numerical Simulation for the PMISM Sensorless Control System Based on DTC Strategy Using Variable
Flux

The Matlab/Simulink implementation of the PMSM sensorless control system based on the DTC
strategy using variable flux is shown in Figure 19. Therefore, Figure 19 (a) shows the main Simulink
model of the PMSM sensorless control system based on the DTC strategy using SMC and FOSMC
type controllers. In addition, Figure 19 (b) shows the detail of the Simulink subsystem
implementation for the SMC-type controller, and Figure 19 (c) shows the detail of the Simulink
subsystem implementation for the FOSMC-type controller. The Matlab/Simulink implementation
presented is based on the SMC and FOSMC type controller description equations presented in Section
2.2.

For the numerical simulations performed in Matlab/Simulink using the SMC-type controller
described in section 2, the parameters in Eqs. (56)—(66) are as follows: € =300, g =200, and ¢ = 100. For
the FOSMC-type controller described in Section 2, equations (67)—(72), the parameters are as follows:
ky =100, ki =1, and u = 0.55.
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Figure 19. Matlab/Simulink implementation of the PMSM sensorless control system based on DTC
strategy using variable flux: (a) Main Simulink model of PMSM sensorless control system based on
DTC strategy using SMC and FOSMC type controllers; (b) Simulink subsystem implementation of
the SMC-type controller; (c) Simulink subsystem implementation of the FOSMC-type controller.

Using the SMC-type controller for the PMSM sensorless control system with DTC strategy at
variable flux, the evolution of the parameters is shown in Figure 20. The response time is {r = 2.3ms
and the settling time is s = 2.3ms. There is an 80% reduction in response time and approximately 96%
reduction in settling time compared to the original PI controller performance. In addition, using the
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FOSMC-type controller for the PMSM sensorless control system with DTC strategy at variable flux,
the evolution of the parameters is shown in Figure 21. The response time is {7 =2.2ms and the settling
time is ts = 2.2ms. There is an 82% reduction in response time and approximately 97% reduction in
settling time compared to the initial performance of the PI controller.
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Figure 20. Parameters evolution of the PMSM sensorless control system using DTC strategy using

SMC-type controller in case of variable flux.
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Figure 21. Parameters evolution of the PMSM sensorless control system using DTC strategy using
FOSMC-type controller in case of variable flux.

In terms of parametric robustness, Figure 22 shows the parameter evolution of the PMSM
sensorless control system using the DTC strategy with the FOSMC variable flux controller, where the
] parameter increases by 50% compared to the nominal valueGood dynamic performance is also
observed in this case, in the sense that the overshoot is negligible and the steady-state error is less
than 0.1%, just as in the case where the | parameter is at the nominal value. Obviously, given the
importance of the ] parameter, which represents the combined inertia of the PMSM rotor and load,
the response time increases to 4ms and the stator currents increase by approximately 20%.
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Figure 22. Parameters evolution of the PMSM sensorless control system using DTC strategy using
FOSMC-type controller in case of variable flux — ] parameter increased by 50%.

The flux space vector trajectory for the PMSM sensorless control system based on the DTC
strategy using the FOSMC variable flux controller is shown in Figure 23, and the evolution of the flux
reference for the FOSMC-type controller is shown in Figure 24.
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Figure 23. Flux space vector trajectory for the PMSM sensorless control system based on DTC strategy
using FOSMC-type controller in case of variable flux.
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Figure 24. Flux reference evolution for the PMSM sensorless control system based on DTC-type
strategy using FOSMC-type controller in case of variable flux.
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The comparison of the evolution of the PMSM rotor speed for the sensorless control system
based on the DTC strategy using SMC and FOSMC variable flux controllers is shown in Figure 25.
Note that this comparison is made between SMC and FOSMC type controllers and FO-Lead-Lag
controllers, which provide the best performance of the group of controllers presented in the previous
section. Thus, the best performance of the PMSM sensorless control system based on the DTC strategy
is achieved using the FOSMC-type controller.
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Figure 25. Comparison of speed evolution of PMSM sensorless control system using DTC strategy

using FO-Lead-Lag speed controller in case of constant flux and SMC and FOSMC type controllers in
case of variable flux.

3.3. Description of the Fractal Dimension and Calculus for the Speed Signal Controled by Proposed
Controllers used in PMSM Sensorless Control Based on DTC Strategy

In order to compare the performance of the PMSM sensorless control system using the DTC
strategy in the case of all the controllers presented in the previous sections, the FD of the signal
controlled by the control system, in this case the PMSM speed, is proposed as a performance
indicator. According to [28], a FD value of the controlled signal is higher if the control system
provides better performance.

One of the most widely used methods for calculating the FD of a one-dimensional signal is the
box-counting method [28]. It starts with a square in which the signal can fit, and the unit of
measurement used below is the side of that square. For numerical reasons, the side of the square is
chosen as a power of 2. By iteratively dividing the unit of measurement by 2, the algorithm continues
until a value lower than a predetermined threshold is obtained. At each iteration, the division has the

expression 1/2k, where k is the current step. On the second axis, the division is in the form of N, / 22k

, where nx is the total number of occupied domains, relative to the scale given by the initial signal. At
each iteration, the coordinates of the points Mk(x,y) corresponding to the two axes are maintained,
using a Cartesian system in logarithmic coordinates for the representation. The sequence of points
M1, Mz, ..,Mhn is calculated iteratively until the stop condition, given by exceeding the selected
threshold, is met. It is interesting to calculate the slope of the line closest to points M1, M, ...,Mn,
closest in the sense of least squares. The value obtained using the above algorithm represents the FD
of the initial signal. The command “[n,r] = boxcount(signal, ’slope’)” in the Matlab environment is used
to obtain the vectors of the two dimensions according to the algorithm described above. The
logarithmic coordinates of the Mk points, together with the slope of the line closest to the points
obtained by applying the algorithm, where the slope represents the FD of the analysed signal, are
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obtained by the following Matlab commands: “fd = -diff(log(n))./diff(log(r))” and “['FD =
‘num2str(mean(df(1:length(df)))) '+/- 'num2str(std(df(1:length(df))))1)” .

For the PMSM with the parameters given in Table 1, the graphical representation of the FD of
the speed signal for the PMSM sensorless control system based on the DTC strategy is shown in
Figure 26. Thus, for the constant flux case: Figure 26(a) shows the FD of the speed signal for the PI
speed controller, Figure 26(b) shows the FD of the speed signal for the PI-EOA speed controller,
Figure 26(c) shows the FD of the speed signal for the FOPI speed controller, Figure 26(d) shows the
FD of the speed signal for the TID speed controller, and Figure 26(e) shows the FD of the speed signal
for the FO-Lead-Lag speed controller. In addition, for the case of a variable flux: Figure 26(f) shows
the FD of the speed signal for the SMC-type controller and Figure 26(g) shows the FD of the speed
signal for the FOSMC-type controller. It can be seen that the FD of the speed signal increases
according to the controllers that bring performance improvements to closed-loop PMSM systems

based on the DTC strategy.
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Figure 26. Graphical representation of the FD of the speed signal for the PMSM sensorless control
system based on the DTC strategy for the case of constant flux or variable flux: (a) PI controller at
constant flux; (b) PI-EOA controller at constant flux; (c) FOPI controller at constant flux; (d) TID
controller at constant flux; () FO-Lead-Lag controller at constant flux; (f) SMC-type controller at
variable flux; (g) FOSMC-type controller at variable flux. .

The usual performances of the PMSM sensorless control system based on the DTC strategy for
the controllers presented in the previous sections are summarised in Table 2. In addition to FD, time
response and settling time, the speed ripple is also shown, defined by the following relation [35]:

a)ripple = \/% %(a)(l) — Wy (I))2 (77)

where: N — number of samples; v — PMSM speed; wrf - PMSM reference speed.

Also, the usual performance indicators of a control system, namely overshoot and steady state
error, have not been included in Table 2 because for all the types of controllers presented, with the
exception of the classic PI speed controller, overshoot is negligible and steady state error is less than
0.1%. Improvements in the performance of the PMSM control system based on the DTC strategy are
obtained when using a classical PI speed controller, when using an EOA type algorithm and when
using FO type controllers, i.e. FOPI, TID, FO-Lead-Lag speed controllers at constant flux. In the case
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of variable flux, the SMC-type controller and the FO controller, i.e. the FOSMC-type controller,
provide the best performance of the PMSM sensorless control system based on the DTC strategy.

Table 2. Performance of proposed controllers for PMSM sensorless type control systems.

Controller Type for PMSM Settling Time  Speed Ripple

Sensorless Control System Response Time [ms] [ms] [rpm] FD of PMSM Speed Signal
PI 12 72 43.36 0.984540 +/— 0.051130
PI-EOA 9.2 30 37.17 0.984526 +/— 0.051321
FOPI constant flux 7.9 15 35.61 0.984599 +/— 0.051421
TID 59 145 3438 0.986350 +/— 0.026742
FO-Lead-Lag 32 9.1 33.54 0.986710 +/— 0.026879
SMC , 23 23 32.79 0.987770 +/— 0.027187
FOSMC variable flux 22 22 3221 0.987950 +/— 0.027261

4. Real-Time Implementation and Experimental Setup

Section 3 introduced a very important step in the development of a prototype, namely the
numerical simulation step. At the numerical simulation stage, generally referred to as Software In the
Loop (SIL), both the mathematical model of the controlled process and the mathematical model of
the controller run on a host PC, and the execution of the closed-loop simulation program does not
overlap with the so-called real-time execution, where there is a correlation between the evolution of
the real signals and the speed of display in the monitoring and control software application. At this
stage, the controller parameters are adjusted and the performance of the analysed control systems is
compared in a safe operating environment. After this stage, there is an option to go through the
Processor In the Loop (PIL) stage, where the driven process is still simulated but the controller is real,
but the final stage of developing a prototype controller is the Hardware In the Loop (HIL) stage,
where the driven process is real and the controller is also implemented in an embedded system [37].

The PMSM sensorless control system based on the DTC strategy presented in this article uses
the Matlab/Simulink development environment, which uses the Motor Control Blockset (MCB) and
Embedded Coder Support Package (ECSP) toolboxes suitable for Texas Instruments C2000
microcontrollers for its real-time implementation [38,39]. The MCB toolbox provides the ability to
implement the proposed control structures in the SIL stage through specialised blocks for real-time
implementation in the HIL stage. The ECSP toolbox allows the generation and execution of the
corresponding code of the PMSM control algorithm based on the DTC control strategy. The generated
code runs on C2000 microcontrollers, specifically the TMS320F28379D microcontroller. [40].

Real-time software blocks perform enhanced pulse width modulator (ePWM) control, serial
peripheral interface (SPI) serial communication control, host PC and embedded system
communication blocks, digital motor control (DMC) specific blocks, and the IQMath library for
optimising code for real-time calculations through fixed-point implementation while maintaining
high accuracy. Key features of the TMS320F28379D microcontroller include a 32-bit floating-point
Control Law Accelerator (CLA) module that parallels mathematical calculations with the main
processor on a 32-bit fixed-point architecture. We also recall that the main processor has a clock
frequency of 200MHz, 1MB of flash memory, 16-bit digital-to-analogue converters (DAC), serial
communication ports and a general-purpose input/output (GPIO) subsystem [40]. To interface with
the TelcoMotion DT4260 PMSM, a 3-phase smart gate driver with current shunt amplifiers & SPI type
BOOSTXL-DRV8305 is used, which communicates with the LAUNCHXL-F28379D development
board on which the TMS320F28379D main controller is integrated (Figure 27).

Analogous to the software blocks used for the numerical simulations presented in Section 3,
Figure 28 shows the main software frames implemented in Matlab/Simulink, which contain software
blocks for the real-time implementation of the PMSM sensorless control system based on DTC
strategy using PI controllers. Therefore, Figure 28 (a) shows the Simulink model of the main software
application for the PMSM sensorless control system using functions from the MCB and ECSP
toolboxes. Figure 28 (b) shows the Simulink subsystem implementation of the torque control, and
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Figure 28 (c) shows the Simulink subsystem implementation of the flux, position and speed of the
PMSM observer. In addition, Figure 28 (d) shows the Simulink subsystem implementation of the

speed control based on PI-EOA controller.
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Figure 27. Experimetal setup image for real-time implemenatation of PMSM sensorless control system

based on DTC strategy.
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Figure 28. Software application for real-time implementation of PMSM sensorless control system
based on DTC strategy using PI-EOA controller: (a) Simulink model of the main software application
for the PMSM sensorless control system using functions from the MCB and ECSP toolboxes; (b)
Simulink subsystem implementation of torque control; (¢) Simulink subsystem implementation of
flux, position, and speed of PMSM observer; (d) Simulink subsystem implementation of speed
control. .

Following the real-time implementation of the PMSM sensorless control system based on DTC
strategy for a series of speed reference signal variations imposed by the real-time monitoring and
control software interface implemented in Simulink on the PC host and shown in Figure 29.
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Figure 29. Real-time monitoring and control interface implemented in Simulink.

The following presents the real-time testing of the proposed sensorless PMSM control system
based on the DTC strategy in the constant flux case and in the variable flux case as presented in
Section 3, where numerical simulations were performedReal-time performance was obtained by
implementing the constant flux PMSM control structure shown in Figure 2 using PI-EOA and FOPI
controllers, and the variable flux PMSM control structure shown in Figure 4 using SMC and FOSMC
type controllers.

Please note that the controller structures presented in the numerical simulations implemented
in Matlab/Simulink are preserved in the real-time implementation, but the 1/s integrators expressed
in the continuous domain are equated with integrators in the discrete domain by using a bilinear
Tustin transform.

4.1. PMSM Real-Time Sensorless Control System Based on DTC Strategy Using Constant Flux

Using the Simulink model shown in Figure 29, a series of experimental tests were carried out by
applying acceleration and deceleration steps to the PMSM rotor speed reference. In the following the
graphs obtained for the main parameters of interest of the sensorless PMSM control system based on
the DTC strategy are presented. Thus, Figure 30 presents the real-time speed evolution for PMSM
sensorless control based on DTC strategy in case of constant flux. Figure 30 (a) shows the real-time
speed response in case of using the PI-EOA controller, and Figure 30 (b) shows the real-time speed
response in case of using the FOPI controller. It can be seen that the performance of the PMSM
sensorless control system based on DTC strategy with PI-EOA controller is very good in real-time
implementation. Small inherent differences with the numerical simulations are observed, but from a
practical point of view we can say that the control system offers good performance even for
applications where high accuracy is required, in this sense an argument is that the steady-state error
is less than 0.2%. In addition, the settling time is 70ms and the overshoot is less than 2%, which is
good performance for systems implemented in real-time. Improved performance is observed when
using the FOPI controller, thus achieving an overshooting of 1% and a settling time of 60ms.
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Figure 30. Real-time speed evolution for PMSM sensorless control based on DTC strategy in case of
constant flux: (a) PI-EOA controller; (b) FOPI controller.

The real-time evolution of the stator currents i» and i» is shown in Figure 31 (a) for the case of
using the PI-EOA controller, and for the case of using the FOPI controller is shown in Figure 31 (b).
A reduction of the current values during the transitory regime is observed when using the FOPI
controller in the PMSM control structure.
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Figure 31. Stator currents i and # in real-time evolution for PMSM sensorless control based on DTC
strategy using variable flux: (a) SMC-type controller; (b) FOSMC-type controller. .

In addition, graphs of the real-time evolution of some parameters of interest of the control
system are presented in the following. Thus, Figure 32 (a) presents the real-time evolutions of flux
reference and flux feedback (estimated flux given by flux observer), real-time evolution of
electromagnetic torque is shown in Figure 32 (b), and the detail of the real-time evolution of PMSM
rotor position is shown in Figure 32 (c).
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of the rotor position real-time evolution.

Graphical representation of the FD of the real-time speed signal for the PMSM sensorless control

system based on the DTC strategy in the case of constant flux is presented in Figure 33. Thus, Figure
33(a) shows the FD of the real-time speed signal in case of using PI-EOA controller, and Figure 33(b)
shows the FD of the real-time speed signal in case of using FOPI controller.
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Figure 33. Graphical representation of the FD of the real-time speed signal for the PMSM sensorless
control system based on the DTC strategy for the case of constant flux: (a) PI-EOA controller; (b) FOPI

controller. .

4.2. PMSM Real-time Sensorless Control System Based on DTC Strategy Using Variable Flux

Similarly to what presented in the previous subsection in this subsection we present the real-
time experimental tests performed for the case of the sensorless PMSM control system based on the
DTC strategy where the flow is variable and is provided by the two controllers type SMC and
FOSMC. By imposing the same series of steps on the reference speed of the PMSM rotor, the graphs
obtained for the parameters of interest are presented in order to highlight the control performance.
Real-time speed evolution for PMSM sensorless control based on DTC strategy in case of variable
flux using SMC-type controller is shown in Figure 34 (a), and using FOSMC-type controller is shown
in Figure 34 (b). It is observed in this case of using integer and fractional order SMC-type controllers
that the overshooting is practically zero and the settling time is 34.5ms and 33.9ms respectively.
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variable flux: (a) SMC-type controller; (b) FOSMC-type controller. .

Flux reference and estimated flux real-time evolution PMSM sensorless control system based on
DTC strategy using FOSMC-type controller are presented in Figure 35.
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The real-time evolution of the stator currents i. and i» is shown in Figure 36 (a) for the case of
using the SMC-type controller, and for the case of using the FOSMC-type controller is shown in

Figure 36 (b).
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Graphical representation of the FD of the real-time speed signal for the PMSM sensorless control
system based on the DTC strategy in the case of variable flux is presented in Figure 37. Thus, Figure
37 (a) shows the FD of the real-time speed signal in case of using SMC-type controller, and Figure 37
(b) shows the FD of the real-time speed signal in case of using FOSMC-type controller.
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Figure 37. Graphical representation of the FD of the real-time speed signal for the PMSM sensorless

control system based on the DTC strategy for the case of variable flux: (a) SMC-type controller; (b)
FOSMC-type controller.

The results of the experimental tests performed in real-time are summarized in Table 3, both
when using a constant flux and when using a variable flux for the sensorless PMSM control system
based on the DTC strategy. The superior performance of SMC-type controllers compared to the
classical PI-type controller is observed, as well as the preservation of this hierarchy when using
fractional calculus. We point out that in real-time PI-type controllers have better performances in
terms of response time, but not in terms of overshooting, settling time, speed signal ripple and FD of
controled signal. We also point out that in real real-time the speed signal ripple is lower than in the
case of numerical simulations because the number of samples is 1000 in the first case and 10000 in the
second case. Regarding the FD of the speed signal, the hypothesis that a better performing controller
implies a higher FD value is verified. We point out that in the case of real-time implementations, if
the computational power of the embedded system is insufficient, it is possible that complex control
algorithms, which in numerical simulations offer better performance than classical Pl-type
algorithms, may give contrary results. In the case presented in this article the development platform
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offers superior computational performance so that a biunivocity between the performance obtained
in numerical simulations and real-time implementation was obtained. In this case FO type controllers
bring improvements over integer type controllers, the best performance being provided by FOSMC-
type controllers.

Table 3. Performance of proposed controllers for PMSM sensorless type control systems in real-time
implementation.

Controller Type for PMSM Settling Time  Speed Ripple

Sensorless Real-Time Control Response Time [ms] FD of PMSM Speed Signal
[ms] [rpm]
System
PI-EOA constant flux 18.2 70 16.76 0.96900 +/- 0.065622
FOPI 25.8 60 15.83 0.97465 +/- 0.060998
SMC variable flux 34.5 34.5 14.95 0.98009 +/-0.060727
FOSMC 33.9 33.9 10.61 0.98533 +/-0.031485

5. Conclusions

Using notions of fractional calculus, this paper has presented several integer-order or FO
controllers that have been integrated into the structure of the PMSM sensorless control system based
on the DTC strategy to improve performance. Thus, starting from PI type controllers, the
performance of the control system was improved by using EOA type algorithm for optimal tuning of
controller parameters and by using FO type controllers: FOPI, TID and FO-Lead-Lag speed
controllers. These types of controllers, embedded in the DTC strategy, are based on a constant
reference flux for the flux control loop. When the reference flux is variable, the performance of the
control system is improved by using an integer-order SMC-type controller and the improved
fractional FOSMC-type controller. The performance indicators of the PMSM sensorless control
system based on the DTC strategy are the usual ones: response time, settling time, overshoot, steady-
state error and speed ripple. In addition, a performance indicator in the form of the FD of the PMSM
rotor speed signal is used and the hypothesis that the FD of the controlled signal is higher when the
control system provides better performance is tested. The parametric robustness of the control system
based on the DTC strategy is also demonstrated by the fact that good control performance is obtained
by increasing the ] parameter, which represents the combined inertia of the PMSM rotor and the load.

The real-time implementation in an embedded system (HIL stage) follows the stages presented
in the controller synthesis and numerical simulations (SIL stage), and good control performance of
the PMSM based on the DTC strategy is obtained for the real-time control system. Future work will
build on the development of controller vendor libraries to implement specific machine learning
capabilities in Simulink to design and implement control systems that deliver superior performance.
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